The objects of Life Cycle Assessment (LCA) case studies are often individual components or individual products. Studies focusing on larger industrial manufacturing systems are relatively rare. The purpose of this case study was to assess environmental and cost-related performance of an updated complex manufacturing system for glass containers (i.e. jars, glass bottles, etc.) compared to the predecessor manufacturing system. The objective was also to identify the most relevant drivers for the environmental and the cost profile of the system solution in application context by the means of Life Cycle Assessment, as well as Life Cycle Costing (LCC). The results were then to be displayed in an Eco-Care-Matrix (ECM) in order to quantitatively visualize the improvements when comparing the updated manufacturing system to the previous one and they were to be discussed in terms of (i) ecodesign levers, (ii) efficiency of the LCA process and (iii) their relevance for the speed and cost of the decision-making process. The LCA results of the production stage of the optimized components showed that the largest contributors to the potential environmental impact of the manufacturing system are the motors due to their material composition, number and mass. The use stage was subsequently recognized as the dominant life cycle stage with Global Warming Potential (GWP) as the leading indicator, due to the long service life (20 years) and the corresponding energy consumption. The analysis of a produced glass bottle's GWP showed that it was reduced by about 40 % through optimizing the production system. The LCC showed that the modernization pays off after about five years of service life and that the decision for making an investment should not only be based on the required capital expenditure (CAPEX). Rather, operation expenditure (OPEX) should also be considered in order to reflect the savings gained from lower operating costs, which compensate relatively quickly any higher initial expenditure or initial investment. In order to apply Life Cycle Assessment on larger-scale industrial systems, smart and pragmatic LCA modeling approaches have to be developed and adopted, balancing accuracy of results against efficiency in achieving them. An adequate ecological-and-economic assessment tool would reduce the time and effort when making decisions in this context.
Introduction
Today's global challenges involve factors such as population growth and the accompanying increase in consumption of resources and air pollution, including climate change (UN, 2013) . As a result, the awareness for environmental issues is steadily increasing, and customers as well as authorities are becoming more interested in the environmental footprint of products, services and technologies (Chomkhamsri and Pelletier, 2011) . Due to customer demands, sector-specific initiatives and legal requirements, the current challenges of the production industry are intensifying, while new challenges are also evolving. Various approaches have been developed in the different sectors; for instance in transportation (Dobranskyte-Niskota et al., 2007) , the automotive industry (Moah and Kanaroglou, 2009 ) is in need of sustainable electrical cars concepts (Strømman et al., 2012) ;. In the power generation sector, the increase of renewable power generation technologies calls for improvements in regard to resource utilization (Stoppato, 2006) , while sustainability in the manufacturing sector is challenged (Namibar, 2010) especially by energy consumption as a major cause of environmental impacts and contributions to climate change, and thus is sought to be reduced, as for instance in the pulp and paper industry (Farla et al., 1997) , the steel and iron industry (Mao et al., 2013) , mining (Sarapulov et al., 2015) or maching and processing of materials (Hülsemeyer et al., 2015) .
An example instrument to lower energy consumption are the European Union's Ecodesign Directive (2009/125/EC) and the corresponding measures to establish mandatory ecodesign requirements for energy-related and energy-using products sold inside the European Union. Their objective is to reduce the energy consumption of products, but also to enhance the environmental performance through improved material use and the ability to recycle these products (EC, 2011) . Furthermore, environmental footprinting has recently become more popular, as laid down for instance in the EU PEF initiative (Product Environmental Footprints) (EC, 2013) . These current approaches focus more or less on the single product and its environmental impact and resource consumption. However, they do not appropriately take into account the performance of the system, which the product is intended to be used in, i.e. they only insufficiently regard the context of target applications. Requirements to and performance of for instance an electric motor may, however, differ widely depending on whether the motor is part of a system, where it is used occasionally vs. a system where it runs constantly.
6 This leads to a demand for products that are sustainability-optimized in the system design perspective, and consequently, to a demand for practical methods for i) evaluating the environmental footprint in application context, ii) considering at least the most relevant aspects of this in engineering and iii) evaluate if a refurbishing of existing system would make sense. Addressing this background, the aim of the research presented here was to apply the Eco-Care-Matrix (ECM) in a case study of a manufacturing system for glass containers (i.e. bottles, jars, etc.) . With the Eco-Care-Matrix, two (product) systems can be compared in terms of their economic and environmental performance (Wegener et al., 2009 ). The two key elements in the ECM are Life Cycle Assessment (LCA) based on ISO 14040/14044 and a Life Cycle Costing (LCC) approach based on a cost breakdown structure (Hui and Mohammed, 2015) . The intention was to derive the most relevant environmental impact issues and their drivers in order to facilitate ecodesign at the system level in the application context. By linking LCA and LCC results in the ECM, different design options can be compared in terms of environmental and economic performance.
The manufacturing system under study is based on individual section machines (IS machines), as used in the container glass industry (Diehm, 2007) . Such machines enable a simultaneous and automatic production of container glass. In this case the previously used hydraulic and pneumatic system has been modernized by employing innovative electronic servo drive technology and a motion control concept (Sklostroj, 2015) , which is part of the Siemens integrated drive system philosophy (IDS). IDS can be classified as an integrated product service system (IPSS) (Meier et al. 2010) . With IPSS, resources can be used more efficiently (Lindahl et al., 2014) , especially when these aspects are considered in the system's components development (Bey and McAloone, 2006) , as for instance machine availability and productivity may be increased by horizontally integrating the drives, vertically integrating the whole automation environment and integrating smart services across (Siemens, 2015) .
The paper is organized as follows: In Section 2, case study design and applied methods are described and explained. Section 3 then presents the results obtained by applying the methods and Section 4 discusses these in regard to potential generalization, uncertainties and sensitivity. Finally, Section 5 concludes on the results and gives an outlook on future work.
Methodology

Study Design
The aim of this case study was to quantitatively assess the benefits of the modernized manufacturing system when comparing it to the predecessor system in terms of ecological and economic parameters by employing the Eco-Care-Matrix (ECM), based on LCA and LCC. The greatest challenge was expected to be the complexity of the system due to the sheer amount of components involved. Now, starting from a detailed LCA of the servo drive solution, the study was designed to evaluate the most relevant life cycle stage -and in turn, it's most relevant potential impact, as well as the corresponding drivers. Data was then to be captured for comparing the performance of the servo drive solution with the predecessor system in the identified most relevant life cycle stage, both in the environmental as well as in the economic domains, and visualized in the ECM. The study was conducted in 2014/2015 with data captured between 2010 and 2015. Based on foreseeable changes in the technological environment, especially in terms of power generation and the increased contribution of renewable sources, it is assumed that the results will remain valid until 2020 at the latest.
The key methods chosen to address the research topic are LCA (ISO 14040, 2006) and LCC (Woodward, 1997) . The environmental and economic benefits of the previous and the updated systems are identified and demonstrated using the ECM. Additionally, the level of resources required for these types of studies are to be discussed and mirrored against the results that have been obtained. Figure 1 shows the concept of IS machines as used in container glass manufacturing (Trifonova and Ishun'kina, 2007) , while Figure 2 provides a schematic overview of the solution with servo drive components, and Figure 3 shows the new innovated solution.
Manufacturing System
The predecessor solution, mostly involving pneumatic and hydraulic systems, will be referred to as "System A" and the successor system, using mostly electric servo drives, will be referred to as "System B".
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The most critical part of the manufacturing process is the shaping of the glass containers. By using servo drive solutions, the requirements relating to the shaping process, e.g. availability, throughput and robustness, can be met and increased compared to pneumatic or hydraulic solutions. The use of the control system enables several benefits to be obtained for the IS machine, e.g. generation of even and consistent gobs (i.e. liquid glass pieces) by the plunger as well as accurate and dynamic cutting using the shears. This ensures a reliable distribution to all sections of the machine and thermal stability of the whole system, therefore increasing the quality of the end product and the yield, which in turn improves the productivity of the overall system.
Further, the use of smart automation and motion control components, supported by sensors and communication interfaces, allows individual sections or parts of the system to be maintained without putting the whole production on hold (Siemens, 2015) .
The fully automated production system consists of a central cabinet module for feeding the material into eight individual sections for forming, which leads to an output of about one glass container per second. In the predecessor system, actuators and controls were driven by compressed air, whereas in the innovated version, these are driven by highly efficient electric servomotors.
Life Cycle Assessment (LCA)
LCA is a method to quantify the environmental impact of products, systems and services over the entire life cycle in order to support sustainable development in organizations (Hauschild et al., 2005) , as for instance in glass production (Pulselli et al., 2009 ). The LCA was conducted according to the principles laid down in the international standards ISO 14040 and 14044 (ISO 14040, 2006) , as well as the ILCD handbook (EC, 2010) and the recently published product category rules for motor systems, standardized in EN 50598-3 (EN50598-3, 2015). The software GABI6 and the GABI life cycle inventory databases were used for the modeling (Thinkstep, 2015).
Goal and scope
The goal of the case study was basically to identify a) the most relevant life cycle stage of the system relating to the environment and the economics and b) the components and environmental impact categories with the highest contributions to the entire system. Additionally, the results were then to be c) broken down to one glass container produced on "System A" and on "System B", respectively. By comparing the previous so-9 lution with the innovated one, the expected benefits of the servo drive solution were to be quantitatively evaluated based on the results of the LCA. To achieve this, the perspective of a system refurbishment was taken, which means that the servo drive components were considered as addition to an identical background system (i.e. the manufacturing peripherals), which was identical for the two systems. Since the detailed LCA accounted the modernized IDS components and electric drives in addition to the background system, i.e. as extra burden, vs. the potential benefits resulting from their use, the described comparison can be considered as a worst-case scenario. In real life, the basis for the comparison would be two different systems -the individual section machine, based mainly on pneumatic drive technology and the individual servo section machine, utilizing electric servo drive technology, offered by the OEM. In the case that the increased performance offsets the additional economic and ecological impact, then it could make sense to upgrade existing machines with servo drive components. This is summarized in Table 1 .
The functional unit for the study was defined as manufacturing a defined number of glass containers in a certain time frame on a combined system. The number of glass containers manufactured over the system lifetime is 2.88 billion (2.88E+09), based on a throughput of 400 bottles per minute for the servo drive system, by operating 6,000 hours per annum for 20 years. The system boundaries for the servo drive components were set according to EN50598-3, corresponding to a cradle-to-grave approach, including the extraction of resources, ; Combined Life Cycle Assessment and Life Cycle Costing in the Eco-Care-Matrix: A case study on the performance of a modernized manufacturing system for glass containers Journal of Cleaner Production, Vol. 141, 10 January 2017, pp. 99-109 (online 1 Sept. 2016) http://dx.doi.org/10.1016/j.jclepro.2016.08.096 10 the manufacturing of the equipment, the use stage (being the production of glass containers) and the final end-of-life stage incl. recycling and disposal.
Life cycle inventory
The life cycle inventory is the basis for the life cycle impact assessment (LCIA) (ISO 14044, 2006) . Table 1 gives an overview of the servo drive components used to modernize the production system, and the allocation of the components to certain functions. These components are the basis for the comparative LCA to evaluate the additional burden in the manufacturing stage by enhancing the system with electric servo drives and motion control. The total weight of the components used to modernize the system was about 2.2 tons. 
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The servo drive components were modelled based on existing Siemens data and aggregated GABI data sets, e.g. for assembly energy, metals and other commodities/materials. As already mentioned above, the basis for the assessment of the use stage was data provided by the OEM supplying the modernized IS machine (System B, IS machine with servo drive components), which state a 40 % increase in energy efficiency and a 15 % increase in machine availability (Siemens, 2015) . To assess the energy consumption of the drive trains in the use stage, the SIZER engineering tool (SIZER, 2015) was used to model the corresponding profile in operation. The efficiency of the servomotors was conservatively set to 90 %. The energy consumption of System A was then determined to be 140 % of the calculated consumption of System B. The potential environmental impact of the two systems was then calculated using EU27 power mix.
Life cycle impact assessment
In the impact assessment, the following impact categories from the CML2001 characterization model of April 2013 as implemented in GABI, were evaluated in detail:
-Eutrophication potential (EP), -Photochemical ozone creation potential (POCP), -Global warming potential (GWP) and -Acidification potential (AP).
The characterization model was chosen due to the fact that data for some of the servo drive components had already been assessed based on this CML model, and in order to aggregate the scores meaningfully, the characterization models have to match. The categories were chosen since they are strongly related to electricity production, since power consumption is known to be a major driver when it comes to the environmental impact of the type of equipment under consideration.
Life Cycle Costing (LCC)
An LCC is a comprehensive decision-making tool for calculating the total costs which are generated over the entire lifetime of products and services (Kádárová et al., 2015) . The execution of an LCC enables the potential cost drivers and cost savings of a product or service to be identified over its entire life cycle. By comparing different alternatives, the most cost-effective option can be identified. A variety of methods and approaches has been developed under the umbrella of LCC, due to the heterogeneity and applica- 12 tion scenarios of the businesses being analyzed. The common aim of the various LCC approaches is to determine the most cost-effective and thus most competitive solution of a product or service (Woodward, 1997) . In this case, the LCC, consisting of CAPEX and OPEX (i.e. capital and operational expenditures, respectively), were derived by using a cost breakdown structure (CBS), taking into consideration the principles laid down by Hui and Mohammed (2015) , in order to analyze the cost-benefit ratio in terms of the pay-off period. To estimate the total energy costs of the combined system, a price of € 0.12 for one kWh of electric energy as an average value within the EU was used as basis (Eurostat: EU-28; 2 nd half of 2014) based on (EU, 2015).
Eco-Care-Matrix
The Eco-Care-Matrix (ECM) is used as a decision-making support tool in portfolio management as well as product lifecycle management, including engineering. It plots the ecological impact/benefits over economic performance of a product or system compared against a reference, for instance an outdated or an alternative technology. The application of ECM supports the development of products and services that have been improved from environmental and cost efficiency perspectives. The ECM can therefore be seen as an Eco-efficiency tool, including the challenges associated with the concept of Eco-efficiency, described by (Ehrenfeld, 2005) and further introduced with applications by (Huppes and Ishikawa, 2007) .
The results from LCA and LCC are used as basis to assess the environmental benefits over the economic benefits. While the x-axis represents customer benefit as a change in system costs, the y-axis expresses environmental compatibility of a considered application to the reference point. Environmental benefit can include a combination of any environmental impact. An example for an Eco-Care-Matrix is shown in Figure 4 .
The reference point (e.g. traditional technology) is located at the center of the matrix. While technology/scenario C has higher customer benefits than technologies/scenarios A and B, environmental benefits of technologies/scenarios A and B are higher compared to technology/scenario C. A technology/scenario then can be defined as "green solution", if it's environmental performance is better than the reference at same level of customer satisfaction (Wegener et al., 2011) .
In order to achieve a meaningful application -and therefore robust interpretation of the results of the ECM -it is crucial that the whole framework of the underlying LCA and 3 Results
Life Cycle Assessment
Manufacturing
The life cycle impact assessment (LCIA) was performed for each key component corresponding to the LCA approach described in the previous chapter.
The various components from the five function groups, as shown in Table 2 , were clustered into two the clusters electronic devices (VSDs, MC, ACC) and electromechanical devices (motors, S&CG) and handled as laid out in (Hermann et al., 2012) . The material composition within the two clusters is more or less the same. The electromechanical components predominantly comprise high grade metals and plastics, and the electronic devices comprise electronic parts that are soldered on printed circuit boards and accommodated in a plastic housing. Table 3 summarizes the results of the LCIA of the manufacturing stage -quantifying eutrophication potential (EP), photochemical oxidation potential (PCOP), acidification potential (AP) and global warming potential (GWP) -for each function group cluster, while Table 4 lists the function groups' potential impacts related to their amount in the system, using the components' weight (within the function group) to build the relation. Figure 5 shows the contribution per function group as a percentage for the various impact categories, using the LCIA scores related to the weight of the functionality from Table 4 . The contribution of the function groups to each impact category is more or less comparable, but it also shows that the motion control functionality has relatively high LCIA scores related to its weight.
With reference to the GWP, motors made up the largest part of all components with 1.92E+05 kg CO2-eqv., which represents 92 % for the manufacturing stage (2.09E+05 kg CO2-eqv. in total). Frequency converters with 1.21E+04 kg CO2-eqv. represented the second highest contribution to the GWP. Evaluating the impacts broken down according to the weight of the components verifies the significance of the motors (or the drive system) in the system context.
To put the result into a broader perspective and to allow a comparison across impact categories, external normalization factors for the EU (25+3) from (Sleeswijk et al., 2007) were applied. The results are shown in Figure 6 .
Looking at the evaluated impact categories, AP, POCP and GWP are the most relevant impact categories with a similar order of magnitude because they have the highest share 16 to the overall contribution. For a better overview and due to interdependencies between the four impact categories (e.g. all energy-related), results are shown and described in the following in terms of the GWP as leading indicator and are representative for the discussion on the environmental aspects of the combined system. The results of the remaining environmental impact categories supported the statement that motors -respectively the drive system -have the highest environmental impact of the overall system.
Usage
For the assessment of the use stage, the power consumption of all components was screened (i.e. calculated, and not measured) and put in context with the application scenario. The power consumption of 256 components out of 632 was analyzed. Cables and memory cards were excluded along with the power consumption of the drive system, which was separately analyzed in detail. The analysis indicated a mean power consumption of 6 Watts per hour for each component, estimated based on the data obtained from data sheets. This then leads to total power consumption of 10,000 kWh/y for controls, communication and the other automation components. SIZER was now used to model the application and the corresponding power consumption (including losses) for the drive systems in total, based on the parameters mentioned above. A power consumption of about 534,600 kWh/y was obtained. The values were added leading to the total system power consumption of 544,600 kWh/y, while the drive systems account for about 98 % of the power consumption. By using the EU27 power mix dataset (GABI data), this power consumption corresponds to a GWP of 5.17E+06 kg CO2-eqv. over the 20 years of service life. Additionally, in terms of maintenance, it is assumed that at least the motors would have to be replaced once within the service life of the system, which leads to a total of 5.37E+06 kg CO2-eqv. for the use stage.
End of life
The end-of-life stage was assessed in detail for all relevant components, but not considered in this system context because of low significance in the selected impact categories and very few options for the component manufacturer to influence it. For instance, in terms of GWP for motors, the manufacturing of a typical motor accounts for about 0.4 % of life time contributions, usage for about 99 % and end-of-life for about -0.3 % (i.e. a benefit from the end-of-life stage due to recycling etc.). Such expectable benefits from end-of-life have not been considered, due to their low size. 
Summary of the LCA part
Based on the LCAs of various components used to modernize a glass container manufacturing system, it can be seen that the use stage is by far the most significant life cycle stage in terms of the potential environmental impact. This is due to the drive systems and their energy consumption during use. In terms of absolute GWP numbers, the optimization of the manufacturing system through improved automation, motion control and servo drives, accounts for about 2.09E+05 kg CO2-eqv., leading to a reduction of 1.86E+06 kg CO2-eqv., which represents a reduction of about 26 %. In total, neglecting the potential benefit as a result of the end-of-life treatment of -0.3 %, it can be stated that the manufacturing stage of the servo drive components accounts for about 4 % and usage for about 96 % of the total GWP.
From a different perspective, the higher energy efficiency and the productivity (performance) that were achieved by modernizing the system result in the GWP of the final glass container being reduced by approximately 40 %. The ecological payoff period was calculated to be two years, as about 100 tons of CO2-eqv. are saved per year as a result of the modernization, accounting for 200 tons of CO2-eqv. in manufacturing.
Life cycle costing
For the LCC, costs were derived using a cost breakdown structure, the results of which are summarized in Table 5 . It has to be mentioned in this context that in terms of the LCC of the case study, the view taken was that of modernizing an existing system, not directly comparing two alternative options involving "greenfield" plants. The objective was to evaluate the economic benefits in terms of a refurbishment. In the context of "greenfield", solutions including servo drives are expected to be favorable even with regard to environmental and financial aspects. In addition to the energy costs as well as the investment costs for servo drive components, which were needed for modernization, all other costs were estimated based on experience. The peripherals were omitted from the calculation, assuming that they would be kept in the case of a system modernization or refurbishment. End-of-life treatment was not considered either since component manufacturers can hardly influence the situation in this stage -and therefore no robust data is available. Further, it is assumed that there's no significant difference between the systems, and usually the disassembly and end-of-life treatment has a positive financial impact due to the high quality of materials used in such a system. The basic principle for estimating the life cycle costs was that the costs for pneumatic components are about one third of those for the electronic components, but maintenance is usually higher in a manufacturing system dominated by pneumatic and hydraulic actuators. In the study, maintenance costs for System A were assumed to be double those for System B. In order to make a proper comparison with the servo drive system, regarding the installation, it was assumed for the pneumatically driven system that at least the actuators would have to be replaced by servo drive components when modernizing.
For an operating time of 20 years, it was assumed that at least some components, e.g. the motors and the pneumatic actuators, would have to be exchanged after 10 years of operation. The ZVEI LCC analysis tool (ZVEI, 2011) was populated based on the CBS and depreciation for the investment (10 % of the investment for 10 years) was taken into account. A comparison of the LCC of the two systems over the life cycle stages is shown in Figure 7 and the corresponding cash value, based on 20 years of service life is shown in Figure 8 . ; Combined Life Cycle Assessment and Life Cycle Costing in the Eco-Care-Matrix: A case study on the performance of a modernized manufacturing system for glass containers Journal of Cleaner Production, Vol. 141, 10 January 2017, pp. 
Eco-Care-Matrix
The ECM for the two systems in Figure 9 shows the environmental and economic improvements of the system when using servo drive components. The reference, System A, located at the center of the matrix, is responsible for energy costs of more than 1.5 million € and the discharge of more than 7,243 tons CO2-eqv. over the operating time of 20 years. The benefit of the enhanced system with servo drive components (System B), is represented by scenario 1. Concerning environmental benefits in terms of GWP, the introduction of motion control and servo drives lead to an "improvement" of about 26 % (a reduction of about 1.9 million kg CO2-eqv. in absolute terms), while the customer benefit increases by 19 % (just taking into account the cost savings).
Linking these results to the output of the manufacturing system, the carbon footprint of the container glass bottles produced on System B is reduced by about 40 % compared to System A. 
Discussion
It first has to be stated that this case study was carried out in an application-specific context (i.e. a specific technology) and in a European setting. The results will be different depending on the particular region and application -and will especially depend on the power grid mix and the associated environmental impact. On the application side, in a less dynamic production flow, i.e. one with longer holding intervals, the differences between pneumatic and servo solutions can be expected to be less, as (Hirzel et al., 2014) pointed out when comparing pneumatic to electric actuators.
In terms of the financial benefits of the investment regarding modernization, it has to be emphasized that some parameters in the study were estimated based on the assumption that the manufacturing peripherals were identical. For instance, instead of modernizing a manufacturing system (one of the scenarios in this case study), if a completely new manufacturing system without compressed air is built, all of the auxiliary equipment required to provide compressed air can be reduced. This results in even higher savings.
On the other hand, if there is a very effective compressed air system in place and different process settings, savings might be lower and the payback time for the investment will be longer. Additionally, the economic framework of the company will significantly influence the payback time of the investment, for instance individual interest rates, depreciation practices and discounts negotiated for the investment, etc. Finally, the current and future market situation will also have an impact here, especially how electricity prices and inflation rates will develop. Hence, it can be said that the LCC approach was too generalized to obtain an impression about investing in a refurbishment, because in reality, the specific financial pay-off will depend on the very individual situation of the particular company.
The results of the environmental performance evaluation based on life cycle assessment clearly showed the high significance of the use stage. Therefore, the chosen power mix and levers for increasing energy efficiency have a high influence on the potential environmental impact. In the current European average power mix, coal, oil, and natural gas still play a big role as primary energy sources and contribute to global warming, acidification and eutrophication being the most relevant impact categories. This will change due to an increasing share of renewables providing electric power and consequently declining climate relevant emissions from the power mix. Hence, other indicators/impact categories might be more relevant in the future, as well as other aspects of ; Combined Life Cycle Assessment and Life Cycle Costing in the Eco-Care-Matrix: A case study on the performance of a modernized manufacturing system for glass containers Journal of Cleaner Production, Vol. 141, 10 January 2017 , pp. 99-109 (online 1 Sept. 2016 http://dx.doi.org/10.1016/j.jclepro.2016.08.096 21 ecodesign (besides energy efficiency) tackling these impacts. Therefore, more impact categories than the energy-related ones used in this study should be taken into account in further studies, like for instance resource depletion and toxicity. In that context it has to be mentioned too that the results should then also be validated by applying different characterization models in order to take latest scientific developments into account, e.g. within toxicity-related impact categories.
The performance evaluation, as key parameter for the above-mentioned results, has been carried out by the system provider and was based on measurements in a defined application set-up, coming to an average in energy savings of 40 % when comparing the two systems. There was no detailed data available concerning the individual process steps and the associated operations. Therefore, the results shouldn't be transferred to any other, principally comparable manufacturing system or generally on the discussion of efficiency of pneumatic vs electric drives. In this context it has to be assumed that the relevant parameters, e.g. cycle time and power demand, may have been favorable for electric drives, but again these aspects were not in the scope of this case study. 
Conclusions and Further Work
The analysis of the complete modernized manufacturing system for container glass bottle production showed that the largest contribution to the environmental impact and to the economic costs is related to the energy requirements during the use stage. As a consequence, the highest opportunities for reducing potential environmental impact and costs, can be realized by upgrading the system to include motion control and servo drives. The underlying LCA of the manufacturing system itself was a rather extensive case study, taking into account more than 600 components, enabling to allocate the environmental impacts, as well as the benefits to certain functionalities of the system. It can be concluded that any intelligence (controls, communication) which may be added into a comparable manufacturing system, that improves (energy) efficiency and throughput, will pay off in terms of cost savings and the reduction of (potential) environmental impact. In terms of the cost-benefit evaluation it can be concluded that even a refurbishment of an existing system can be a viable option for improving performance.
In terms of environmental aspects, manufacturing, as well as the end-of-life stage can almost be neglected in an industrial context with service lives from 10 to 20 (or even 30) years and the corresponding high quality requirements, realized through high quality materials, service and repairability. Similar conclusions were drawn in other case studies in different application contexts, e.g. pumps (Smith, 2011) and compressors (Siemens, 2014), and today even reflected in a corresponding standard for drive systems (EN50598-1, 2015) so at this point the importance of the message -"carefully consider the application setup and scenario" -has to be stressed to avoid counterproductive suboptimizations at the component level in the system context or micro optimization.
Therefore, it can be concluded that when using LCA as a method for ecodesign at the system level or in the context of the product environmental footprint (EC, 2013), valid simplifications are necessary for the assessment of these life cycle stages. To quantify it: Out of the 632 components and devices used to modernize the system, approximately 300 would have to be assessed in detail (full scale LCA); Using 52 h as an average mean time for conducting the LCA based on (Auer et al., 2014) this leads to 15,600 working hours for LCA experts to carry out the various studies; using 60 € as hourly wages, this leads to costs of 936,000 € for carrying out the LCA for the manufacturing system. Surely this is "overkill" for the methodology in this context and considerable thought has to be given regarding its application. ; Combined Life Cycle Assessment and Life Cycle Costing in the Eco-Care-Matrix: A case study on the performance of a modernized manufacturing system for glass containers Journal of Cleaner Production, Vol. 141, 10 January 2017, pp. 99-109 (online 1 Sept. 2016) http://dx.doi.org/10.1016/j.jclepro.2016.08.096
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For companies using LCA to support ecodesign and to support sustainability messages, the key recommendation by the authors is to (i) adapt the methodology to the system perspective and to (ii) be able to map the applications in this context. For instance, the enhancement of system engineering tools with relevant environmental indicators would be an option to promote ecodesign on a larger scale than just providing data for up to 30 different environmental impact categories as is the case in some environmental product declarations.
Concerning the future work, the applied eco-efficiency analysis tool, the ECM, is meant to be further developed for optimizing the IPSS of Siemens, the Integrated Drive System, in regard to the included product and service portfolio. The further development of the method should aim at combining technical, economic and environmental aspects in regard to the targeted application and thus to further optimize the offering, for instance by identifying and evaluating additional portfolio elements or further integration needs. Based on the needs of an application, a solution can be derived from the existing system components. By applying LCC and LCA (as underlying methods of ECM) drivers for cost and environmental impacts (e.g. in investment or operating costs, energy consumption related emissions or resource consumption) can be identified. Based on this analysis e.g. an additional portfolio element could then be identified and the improvement evaluated again by LCC and LCA using approximations and/or reference data. The ECM could then be used to display the options in a comparative view with the initial solution as reference point. This would even me more interesting if more than two options should be compared. Here research could address the combination of the ECM with multi-attribute decision analysis. In any case this requires switching from a retrospective, as in this case study, to a foresight application of the eco-efficiency tool. Both methodologies underlying the ECM, LCA and LCC, are capable of handling scenarios, which is a core requirement in that context. However, especially for the LCA -or more generally, for the evaluation of the environmental aspects -simplifications or rather smart approaches are necessary, balancing efficiency with accuracy, to be able to build a consistent and flexible model of the IPSS.
In regard to the evaluation of the environmental performance of the solution, also further work has to be done on defining normalization and weighting schemes to enable a robust decision support based on different, and maybe contradictory, impact indicators. Additionally, another core activity will be the integration of the ECM tool, or at least certain aspects of it, into product life cycle management (PLM) tools, as well as into
